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ABSTRACT
The chemi-ionization (CI) processes in atom-Rydberg-atom collisions are investigated
in this contribution. The rate coefficients for CI processes in Li∗(n) + Na, Li∗(n) + Li,
Na∗(n) + Na and H∗(n) + Li collisions are calculated for wide region of temperatures
T ≤ 4000 K and the principal quantum numbers 4 ≤ n ≤ 25. These processes are in-
vestigated, with a particular accent on the possibility of involving alkali metals as the
factors which may influence optical properties and modeling of weakly ionized layers
of different stellar atmospheres. The obtained rate coefficients are applied to models
of the Io atmosphere. Moreover, we present here further development of investigation
of CI processes for other possible applications in spectroscopy such as in low temper-
ature laboratory plasma created in gas discharges, for example in microwave-induced
discharges at atmospheric pressure, where such plasma conditions may be favorable.
Key words: atomic data – molecular data – molecular processes– atomic processes
– Planets and satellites: atmospheres Io – stars: solar-type
1 INTRODUCTION
Ionization processes which involve highly excited Rydberg
atoms (RA) in different environments still attract attention
of scientists as they may be connected with the character-
istics of many types of laboratory and astrophysical plas-
mas (see, for example, Bezuglov et al. 2003; Gnedin et al.
2009; Mihajlov et al. 2016). The study of RA with the de-
velopment of laser technique has led to a great experimen-
tal advances and in recent years renewed interest for such
researches and enabled expansion in astrophysics. The in-
terpretation of line spectra with radiative transfer calcula-
tions requires spectroscopic data as well as collisional data
(e.g., atomic parameters, cross sections, rate coefficients, etc.
Hauschildt & Baron 2005; Lind et al. 2011). The fact that
the ionization processes which involve highly excited atoms,
like chemi-ionization (CI) processes (Mihajlov et al. 2012;
O’Keeffe et al. 2012) influence the ionization level and atom
excited-state populations, could influence the optical prop-
erties of the weakly ionized regions (Mihajlov et al. 2011)
of alkali rich plasmas and potentially be important for the
spectroscopy and modeling of such environment.
CI processes in collisions of excited alkali atoms with
atoms in ground and excited states were already considered,
⋆ E-mail: vlada@ipb.ac.rs
with a particular accent to the applications in stellar atmo-
sphere modeling (Klyucharev et al. 2007) as well as for low
temperature laboratory plasma research created in gas dis-
charges, for example in microwave-induced discharges at at-
mospheric pressure, where plasma conditions (Yubero et al.
2007) may be favorable for processes investigated here.
There are several kinds of geo-cosmical plasmas where
alkali atoms are present (see e.g. Chary et al. 1999;
Dupuis et al. 1993) and conditions for chemi-ionization in
atom - Rydberg atom collisions are favorable, so that the
corresponding data are useful for modeling and investiga-
tion of physical processes. We can mention cool stars, in
particular brown and white dwarfs, lithium stars, sodium
clouds around Iovian satellite Io, cometary tails, and pri-
mordial gas containing Li atoms and ions. As an exam-
ple, we can cite Debes et al. (2012), where is quoted the
existence of metal-rich envelopes including Na around ex-
tremely low-mass white dwarfs. Also, the mentioned chemi-
recombination processes may be of interest for white dwarfs
polluted with metals by accretion from the surrounding envi-
ronment (types DAZ, DBZ and DZ) and dusty white dwarfs.
In fact, it is known that in all dusty white dwarfs there is
alkali atoms accretion onto their dusty disk. We note as well
that white dwarfs with the evidence of accretion can possess
planetary systems (Gianninas et al. 2014), and the spectro-
scopic observations of sodium atoms in these objects can
© 2017 The Authors
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contribute to the confirmation of this hypothesis. Namely,
some of dusty white dwarfs have powerful infrared excess
produced by orbiting dust disk that contains planetary sys-
tems and planetesimals. Additionally, these materials, con-
taining alkali atoms as well, get accreted onto the white
dwarf. Studying the accreted heavy elements, including al-
kali atoms, becomes an effective way to measure directly the
bulk compositions of extrasolar planetesimals (Xu & Jura
2014). Sodium atoms may be significant part of such heavy-
element clouds so that detailed investigation of Na emis-
sion features is of importance for investigating such as-
trophysical problems. Recently, with combined Spitzer and
ground-based Korea Microlensing Telescope Network obser-
vations an Earth-mass planet orbiting ultra cool dwarf was
identified and investigated (Shvartzvald et al. 2017). Con-
sequently, data on Na atoms in such objects can be very
useful for determining planetesimals and Earth-mass plan-
ets in dusty disks surrounding the central ultra cool dwarf.
On the other hand, CI processes modify plasma characteris-
tics which influences spectral properties as well, so that their
investigations contributes to better modelling and analysis
of such plasmas.
Study of CI processes may be of interest for the in-
vestigation and modelling of plasma in cold lithium stars,
intensively discussed in the literature (see North et al. 1998;
Shavrina et al. 2001, 2003). As an example, recently Li et al.
(2018) found high-lithium abundance in newly discovered
12 low-mass, metal-poor, main-sequence stars, and in red
giant stars in the Milky Way halo. Collisional processes
including CI could be of interest for studying of lithium-
rich stellar atmospheres as an additional canal for the cre-
ation of Li I atoms. The considered CI processes influence
as well the ionization level and atom excited-state popu-
lations, so that they could affect the optical properties of
the weakly ionized regions of alkali rich plasmas. Addition-
ally, already in Brown (1974) the first neutral sodium cloud
near Jovian satellite Io has been detected (see also paper
Brown & Chaffee Jr 1974; Fegley Jr & Zolotov 2000). Since
the investigation of these sodium clouds are necessary to
better understand the interaction between Io’s atmosphere
and Jovian magnetosphere and the processes in the Jovian
surroundings (Mendillo et al. 1990; Wilson et al. 2002), the
data on CI processes during alkali RA collisions may be of
interest. In a recent paper Schaefer & Fegley Jr (2005), au-
thors estimated and expected abundance of lithium at Io.
Another type of plasma interesting for the application
of present results is in cometary tails, where there is possi-
ble significant presence of alkali atoms, especially of sodium
atoms (Cremonese et al. 2002). The existence of the neutral
tail containing sodium was confirmed through observations
of comet Hale Bopp in Cremonese et al. (1997).
It is also known that in the early Universe the chemi-
cal composition of the primordial gas contained lithium, and
during the cooling of Universe there is an epoch when con-
ditions for presently investigated RA collisional processes
were favorable (Puy et al. 2007). Collisional recombination,
ionization and Rydberg states can play important role for
the early Universe chemistry (Coppola et al. 2011). Conse-
quently, data on rate coefficients for CI processes in atom
- Rydberg atom collisions of Na and Li atoms, may be of
interest for a number of astrophysical plasmas, as well as for
the early Universe chemistry.
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Figure 1. Up: The total rate coefficient K (ab)(n, T ), Eq. (5) for
CI processes (1a) and (1b) in Li∗(n) + Li collisions.; Down: The
coefficient O(a)(n, T ), Eq. (6) for CI in Li∗(n) + Li collisions.
Finally, the properties of alkali plasmas are of basic in-
terest and of importance for some laboratory and techni-
cal applications (Horvatic´ et al. 2015; Pichler et al. 2017).
For instance, investigation of the fluorescence spectrum of
sodium atoms is important in spectroscopy and laboratory
investigation (Efimov et al. 2017). Also, lithium is an alkali
metal of considerable technological interest. It is used in new
light sources, solar thermal power plants, inertial confine-
ment fusion reactor, electrochemical energy sources, next-
generation microelectronics, etc (Stwalley & Koch 1980;
Grovenor 2017).
2 THEORETICAL REMARKS
In this contribution we studied two types of CI processes:
the non-symmetric processes
A∗(n) + X ⇒ e +
{
AX+, (1a)
A + X+, (1b)
and the symmetric processes
A∗(n) + A ⇒ e +
{
A+2 , (2a)
A + A+, (2b)
where A, X, A+ and X+ are atoms and their atomic ions
in the ground states, A∗(n) is the atom in a highly excited
MNRAS 000, 1–?? (2017)
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(Rydberg) state with the principal quantum number n ≫ 1,
i.e. RA, A+
2
and AX+ are the molecular ions in the ground
electronic states. In Eq. (1) the ionization potential IX of the
X atom is less than the ionization potential IA of the atom
A. The CI reactions (1) and (2) can be divided according to
the products of the reaction: to the channel (a) of associative
ionization i.e. creation of molecular ions A+
2
or AX+ and to
the non-associative ionization channel (b).
In Ignjatovic´ & Mihajlov (2005) and Ignjatovic´ et al.
(2008), the processes A∗(n) + A and A∗(n) + X, with Li and
Na have been considered for laboratory plasma for the con-
ditions of single-beam and crossed-beam cases for the tem-
perature range 600 K ≤ T ≤ 1100 K. Here we further inves-
tigate CI processes for astrophysical plasma and give results
which enable modeling of geo-cosmic weakly ionized plasma
for wide range of plasma parameters (500 K ≤ T ≤ 4000
K and 4 ≤ n ≤ 25). and for the first time examine the CI
processes in H∗(n) + Li collisions.
The calculated quantities: The method of the dipole
resonant mechanism is used for the calculations of the rate
coefficients of the processes (1) and (2). We present here
the brief description with the basic theory (for details see
e.g. papers Mihajlov et al. 2012; O’Keeffe et al. 2012). The
calculations of these rate coefficients are performed for the
principal quantum number 4 ≤ n ≤ 25 and temperatures up
to 4000 K. The results of calculation, as well as the necessary
discussion, are presented in Sec. 3
The cross section for associative ionization σ(a)(n, E)
(channels 1a and 2a) and the total CI cross-section
σ(ab)(n, E) (for 1 and 2) can be presented in the form
σ
(a,ab)(n, E) = 2π
ρ
(a,ab)
m (E)∫
0
P(a,ab)(n, ρ,E)ρdρ. (3)
Here P(a,ab)(n, ρ, E) is the CI probability which describes the
processes separately (a)and together (ab), ρ is the parame-
ter of impact, ρ
(a,ab)
m (E) are the upper limits of correspond-
ing impact parameters (for details see Ignjatovic´ & Mihajlov
2005; Ignjatovic´ et al. 2008). The partial rate coefficients
K (a)(n,T) and K (b)(n,T) and the total ones K (ab)(n,T) can
be presented with
K (ab)(n,T) = K (a)(n,T) + K (b)(n,T). (4)
By definition, rate coefficients K (ab)(n,T) and K (a)(n,T) are
given by relations
K (a)(n,T) =
E
(a)
m (n)∫
0
v · σ(a)(n, E) f (v;T)dv,
K (ab)(n,T) =
∞∫
0
v · σ(ab)(n, E) f (v;T)dv,
(5)
where the cross-sections σ(a,ab)(n, E) are determined by
Eq. (3), E
(a)
m (n) is the upper limit of E relevant for
the associative ionization process (1a) or (2a) (see
Ignjatovic´ & Mihajlov (2005); Mihajlov et al. (2012)), and
f (v;T) = fcell(v;T) is Maxwell distribution function f (v;T) =
4π
[
M
2pikT
]3/2
v
2e−Mv
2/2kT , where M is reduced mass of sub-
system A++A or A++X. The rate coefficient K (b)(n,T) for the
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Figure 2. Same as in Fig 2 but for H∗(n) + Li collisions.
process (b) is determined from Eq. (4). The potential curves
of the molecular ions, the square of dipole matrix element
for the transition between states, as well as other needed
parameters can be found in Ignjatovic´ & Mihajlov (2005),
Ignjatovic´ et al. (2008) and Ignjatovic´ et al. (2014).
The relative contribution of the associative processes
(1a), (2a) and non-associative processes (1b), (2b) can be
characterized by the corresponding coefficients
O(a)(n,T) =
K (a)(n,T)
K (ab)(n,T)
, O(b)(n,T) =
K (b)(n,T)
K (ab)(n,T)
. (6)
The results of the rate coefficients of all investigated CI
processes in this work are given in tabulated form in the
online version of this article.
3 RESULTS AND APPLICATIONS
3.1 Rate coefficients for CI processes
We calculated the partial K (a)(n,T) and K (b)(n,T) and to-
tal CI rate coefficients K (ab)(n,T) for the extended range
of principal quantum numbers n ≤ 25 and temperatures
500 K ≤ T ≤ 1500 K for the CI processes in Li∗(n) + Na,
Na∗(n)+Na collisions, and 500 K ≤ T ≤ 4000 K for Li∗(n)+Li
and H∗(n)+Li collisions. The total rate coefficients K (ab)(n,T)
are presented in Figs. 1 and 2 and in Tab. 1. The rate coeffi-
cients K (a)(n,T) and K (b)(n,T) of both channels are presented
in tabulated form Tabs. 2 - 9.
MNRAS 000, 1–?? (2017)
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Table 1. The fits of the Eq.(7) to the rate coefficient. A portion is shown here for guidance regarding its form and content.
Li∗(n) + Li Li∗(n) +Na Na∗(n) +Na H∗(n) + Li
n a1 a2 a3 a1 a2 a3 a1 a2 a3 a1 a2 a3
4 -35.12844 14.13288 -1.89755 -41.35531 18.67062 -2.69225 -46.51493 21.4718 -3.10971 -5.79278 -1.1651 0.13442
5 -23.31012 7.66745 -0.99756 -16.97267 4.48624 -0.58834 -29.28982 11.44201 -1.62003 -6.22763 -1.12647 0.12474
6 -17.64598 4.58023 -0.56799 -12.16141 1.71545 -0.18066 -21.22237 6.76472 -0.92651 -6.59811 -1.12139 0.12283
7 -14.60487 2.93911 -0.34127 -12.25698 1.75651 -0.18571 -16.8308 4.22799 -0.5506 -6.96288 -1.09353 0.11792
8 -12.93367 2.06542 -0.22491 -13.18087 2.32099 -0.27765 -14.3463 2.81506 -0.34382 -7.27818 -1.07387 0.11462
9 -11.85235 1.5136 -0.15519 -13.53603 2.47414 -0.30135 -12.50968 1.74627 -0.18362 -7.54032 -1.06697 0.11323
10 -11.29713 1.25562 -0.12888 -14.06446 2.72686 -0.34263 -11.58289 1.24937 -0.11571 -7.78576 -1.05661 0.11177
11 -10.76294 0.97997 -0.09759 -14.21812 2.71937 -0.34036 -11.04281 0.97972 -0.08309 -7.96126 -1.07659 0.11492
12 -10.38013 0.77342 -0.07493 -14.41123 2.74111 -0.34371 -10.72104 0.83367 -0.06973 -8.12687 -1.09249 0.11762
13 -10.13548 0.63573 -0.06144 -14.78045 2.88417 -0.36751 -10.16092 0.51477 -0.02736 -8.35032 -1.05952 0.11223
14 -9.85298 0.45989 -0.0406 -14.89837 2.86009 -0.36292 -10.36943 0.68833 -0.06533 -8.50237 -1.06423 0.11285
15 -9.71227 0.36138 -0.0305 -15.367 3.08165 -0.40038 -9.68059 0.23985 0.00292 -8.67836 -1.04816 0.11043
16 -9.68919 0.32646 -0.02892 -15.22642 2.89562 -0.36903 -9.86564 0.37396 -0.02657 -8.75338 -1.08765 0.11638
17 -9.56453 0.22389 -0.01628 -15.39519 2.92341 -0.37371 -9.64935 0.22401 -0.00675 -8.90127 -1.07964 0.11542
18 -9.50279 0.15756 -0.00879 -15.54147 2.93973 -0.3764 -9.58519 0.17005 -0.00234 -9.01186 -1.08791 0.11668
19 -9.48437 0.11619 -0.00477 -15.62221 2.91637 -0.37249 -9.51936 0.10875 0.00409 -9.16473 -1.06514 0.11307
20 -9.45545 0.06564 0.00121 -15.80875 2.96859 -0.38137 -9.50371 0.07705 0.00612 -9.23865 -1.08876 0.11676
To enable better and more adequate usage of these re-
sults in laboratory as well as in modeling, we present a sim-
ple fitting formula for the total rate coefficients based on a
least-square method, which represents a second-degree poly-
nomial (logarithmic):
log(K (ab)(n;T)) = a1(n) + a2(n) · log(T) + a3(n) · (log(T))
2
. (7)
The fits are valid within the temperature range 500 K ≤ T ≤
1500 K for Li∗(n) + Na, Na∗(n) + Na collisions and 500 K ≤
T ≤ 4000 K for Li∗(n) + Li and H∗(n) + Li collisions. It is
possible that the fit is applicable outside this area, but this
should be used with caution. In Tab. 1 the selected fits (for
4 ≤ n ≤ 20) for CI in A+RA collisions are listed.
The processes (a) and (b) in fact act as the channels of
a more general CI process. Therefore we characterized them
by partial rate coefficients and coefficient O(a)(n,T), which
describe the relative influence of the associative ionization
channel. The calculations of those values are also performed.
The relative contribution of the associative channels (i.e. cre-
ation of molecular ions) are presented in the bottom panels
of Figs. 1 and 2 by surface plot for the examples of Li∗(n)+Li
and H∗(n) + Li collisions. It can be noticed that in the con-
sidered regions of n and T the process of associative CI in
Li∗(n) + Li collisions dominate in comparison with the non-
associative CI channel with a maximum for small values of
n. Similar conclusions are valid for the CI in Li∗(n) + Na,
and Na∗(n)+Na collisions (see Tabs. in online version of the
paper). Unlike these cases in H∗(n)+Li collisions, the associa-
tive channel is totally negligible (see Fig. 2) for the analysed
conditions e.g. in Li-rich stars this process is definitely not
the main source of the LiH+ molecular ion creation.
Upper panels of Figs. 1 and 2 present the total CI rate
coefficient K (ab)(n,T) for the cases of Li∗(n)+Li and H∗(n)+Li
collisions. One can see that the rate coefficient K (ab)(n,T) for
Li∗(n) + Li (and also for Li∗(n) + Na, and Na∗(n) + Na) has
the maximum between n = 6 and n = 10 (upper panel of
Fig. 1). When increasing the temperature, the maximum
moves to lower values of n. It is evidently that the total CI
rate coefficient for the higher values of n does not or little
depends on the temperature and can be approximated with
the function of n i.e. ∼ 10−6/n3 . A totally different behavior
of K (ab)(n,T) is seen for the case of H∗(n) + Li (see Fig. 2)
for which the rate coefficient monotony decreases with the
increase of n, with different dependence on temperature.
3.2 Io atmosphere
The calculated CI rate coefficient K (ab)(n,T) (see Fig. 3) cov-
ers the plasma parameter space which is important for the
models of Io’s atmospheres (Strobel et al. 1994), which till
now was not investigated in this context. Such processes may
become important and could be used for better numerical
simulations and modelling. In Fig 3 (left panel) the tem-
perature and density altitude profiles for low density (solid
line), moderate-density (dashed line), and high-density (dot-
ted line) of Io modeled atmospheres (Strobel et al. 1994) are
presented. The right panel of Fig 3 shows the total rate co-
efficient K
(ab)
ci
(n,T) for CI processes in Li∗(n)+Na, Li∗(n)+Li
and Na∗(n) + Na collisions for modeled atmospheres of Io
(Strobel et al. 1994; Moses et al. 2002). One can notice the
growth of coefficients at higher altitudes. Also, one can see
that the rate coefficients increase with the increase of the
principal quantum number n and that they are the largest
for the Li*(n) + Na collisions. Additionally, they are larger
for the Li*(n)+ Li than for the Na*(n) + Na collisions. The
investigation of these processes is needed for better under-
standing of the interaction between the Io’s atmosphere and
Jovian magnetosphere (Wilson et al. 2002) and of the pro-
cesses in the Jovian environment (Mendillo et al. 1990). Al-
though lithium has not been spectroscopically detected at Io
to date, some authors (Schaefer & Fegley Jr 2005) expect its
presence, and estimate the abundances of lithium as well as
of other candidate elements (Rb, Cs, F, Br) at Io.
3.3 Li-rich stars
As it is known lithium is easily ionized (its ionization poten-
tial is 5.392 eV), thus Li I lines can be seen only in relatively
cool stars with low effective temperatures i.e., stars from A
MNRAS 000, 1–?? (2017)
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Figure 3. Left: Temperature and density altitude profiles for low-density (solid line), moderate-density (dashed) and high-density model
(dotted line) Io model atmosphere; Right: The total rate coefficient K
(ab)
ci
(n, T ) for CI processes in Li∗(n)+Na, Li∗(n)+Li and Na∗(n)+Na
collisions for the density model atmosphere of Io (Strobel et al. 1994).
to M spectral class. The Li I resonance line (670.78 nm)
is most often observed in the spectra of cool stars. Most
data on the lithium abundance in stars are obtained from
the analysis of this line. The considered CI processes, which
influence the ionization level and atom excited-state pop-
ulations, could influence the optical properties and could
be important for the lithium spectra. Thus the CI collision
processes could be of interest for lithium-rich stellar atmo-
spheres (Shavrina et al. 2001, 2003; North et al. 1998) as an
additional channel for the creation of the neutral lithium
atoms and atom excited-state populations. That is why we
extended the range of temperatures (to include higher tem-
peratures) for the calculation for lithium (see Tabs. 4,5,8,9
and Figs. 1 and 2) to enable the possible inclusion of CI
processes in modeling of cool stars with low effective tem-
peratures (Teff ≤ 6000 K) (see e.g Klevas et al. 2016) and
enormous high Li abundances e.g. subgiant J0741+2132 (see
Li et al. 2018).
Finally, the CI processes i.e. its associative channel (1(a)
and 2(a)) in the binary collisions, leads to the formation
of molecular ions, giving a surprising variety of molecu-
lar formations in interstellar gas and can play an essential
role (Dalgarno & Black 1976). For understanding interstel-
lar gas chemistry and for models of interstellar clouds the
rate coefficients for reactions are needed as input parameter
(van Dishoeck & Black 1986). The data for molecular ions
LiNa+, LiH+ Li+
2
and Na+
2
are given in this contribution (see
Tabs. 2,4,6,8).
The results of the rate coefficients of all investigated CI
processes in this work are given in tabulated form in the
online version of this article.
4 CONCLUSIONS AND DISCUSSION
The rate coefficients for the CI processes in Li∗(n) + Na,
Li∗(n) + Li, H∗(n) + Li and Na∗(n) +Na collisions were calcu-
lated. The obtained results have been applied to the models
of atmosphere of Iovian satellite Io. The presented values of
the rate coefficients could be very useful for the improvement
of modelling and analysis of different layers of weakly ion-
ized plasmas in atmospheres of various stars (lithium stars,
photosphere of Sun, etc). where these and other CI processes
could be important and could change the optical character-
istics.
We present the calculated rate coefficients of the cor-
responding CI processes in the tabulated form, which is
easy for further use, with a particular accent to the applica-
tions for astro plasma research and low temperature labora-
tory plasma research created in gas discharges, for example
in microwave-induced discharges at atmospheric pressure,
where plasma conditions may be favorable for processes in-
vestigated here.
In the near future we plan to further investigate the CI
processes and develop methods which could be applicable
for the cases of extremely low temperatures which exists in
e.g. OGLE-2005-BLG-390Lb (Shvartzvald et al. 2017) ultra
cool Earth-mass planet orbiting dwarf.
MNRAS 000, 1–?? (2017)
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Table 2. The rate coefficient K (a)(n, T )[cm3s−1] for CI channel (1a), Li∗ (n)+Na. This table is available in its entirety in machine-readable
form in the online journal as additional data. A portion is shown here for guidance regarding its form and content.
T[K]
n 500 600 700 800 900 1000 1100 1200 1300 1400 1500
4 2.61E-11 5.52E-11 9.53E-11 1.44E-10 1.98E-10 2.56E-10 3.16E-10 3.75E-10 4.33E-10 4.89E-10 5.40E-10
10 6.24E-10 7.19E-10 7.98E-10 8.63E-10 9.15E-10 9.57E-10 9.89E-10 1.01E-09 1.03E-09 1.05E-09 1.06E-09
15 1.07E-10 1.25E-10 1.39E-10 1.51E-10 1.60E-10 1.68E-10 1.74E-10 1.79E-10 1.82E-10 1.85E-10 1.87E-10
20 2.63E-11 3.06E-11 3.41E-11 3.70E-11 3.94E-11 4.13E-11 4.28E-11 4.39E-11 4.48E-11 4.55E-11 4.59E-11
25 8.69E-12 1.01E-11 1.13E-11 1.22E-11 1.30E-11 1.36E-11 1.41E-11 1.45E-11 1.48E-11 1.50E-11 1.52E-11
Table 3. The rate coefficient K (b)(n, T )[cm3s−1] for CI channel (1b), Li∗ (n)+Na. This table is available in its entirety in machine-readable
form in the online journal as additional data. A portion is shown here for guidance regarding its form and content.
T[K]
n 500 600 700 800 900 1000 1100 1200 1300 1400 1500
4 0.00E+00 0.00E+00 4.45E-15 9.04E-13 3.29E-12 7.80E-12 1.51E-11 2.59E-11 4.05E-11 5.87E-11 8.18E-11
10 6.79E-12 1.75E-11 3.44E-11 5.75E-11 8.61E-11 1.19E-10 1.56E-10 1.96E-10 2.38E-10 2.82E-10 3.27E-10
15 1.13E-12 2.91E-12 5.74E-12 9.60E-12 1.44E-11 2.00E-11 2.62E-11 3.29E-11 3.99E-11 4.73E-11 5.48E-11
20 2.75E-13 7.12E-13 1.40E-12 2.35E-12 3.52E-12 4.89E-12 6.41E-12 8.04E-12 9.77E-12 1.16E-11 1.34E-11
25 9.08E-14 2.35E-13 4.63E-13 7.75E-13 1.16E-12 1.61E-12 2.11E-12 2.65E-12 3.22E-12 3.82E-12 4.43E-12
Table 4. The rate coefficient K (a)(n, T )[cm3s−1] for CI channel (2a), Li∗ (n)+Li. This table is available in its entirety in machine-readable
form in the online journal as additional data. A portion is shown here for guidance regarding its form and content.
T[K]
n 500 700 900 1000 1300 1500 2000 2500 3000 3500 4000
4 1.40E-11 5.53E-11 1.20E-10 1.58E-10 2.74E-10 3.47E-10 4.84E-10 5.63E-10 6.00E-10 6.00E-10 6.00E-10
10 1.20E-09 1.25E-09 1.23E-09 1.20E-09 1.13E-09 1.08E-09 9.55E-10 8.54E-10 7.69E-10 6.99E-10 6.41E-10
15 7.46E-10 6.53E-10 5.78E-10 5.47E-10 4.70E-10 4.30E-10 3.53E-10 3.00E-10 2.60E-10 2.29E-10 2.04E-10
20 2.96E-10 2.42E-10 2.05E-10 1.91E-10 1.58E-10 1.42E-10 1.13E-10 9.42E-11 8.02E-11 6.99E-11 6.17E-11
25 1.21E-10 9.54E-11 7.93E-11 7.33E-11 5.97E-11 5.32E-11 4.17E-11 3.43E-11 2.91E-11 2.52E-11 2.21E-11
Table 5. The rate coefficient K (b)(n, T )[cm3s−1] for CI channel (2b), Li∗ (n)+Li. This table is available in its entirety in machine-readable
form in the online journal as additional data. A portion is shown here for guidance regarding its form and content.
T[K]
n 500 700 900 1000 1300 1500 2000 2500 3000 3500 4000
4 0.00E+00 0.00E+00 1.99E-12 4.86E-12 2.61E-11 5.31E-11 1.70E-10 3.39E-10 5.36E-10 7.52E-10 9.62E-10
10 2.18E-10 4.61E-10 7.14E-10 8.37E-10 1.17E-09 1.38E-09 1.82E-09 2.17E-09 2.47E-09 2.72E-09 2.94E-09
15 3.52E-10 5.16E-10 6.47E-10 7.03E-10 8.41E-10 9.15E-10 1.06E-09 1.16E-09 1.24E-09 1.30E-09 1.36E-09
20 2.43E-10 3.08E-10 3.55E-10 3.74E-10 4.18E-10 4.41E-10 4.83E-10 5.11E-10 5.33E-10 5.50E-10 5.63E-10
25 1.44E-10 1.70E-10 1.88E-10 1.95E-10 2.10E-10 2.18E-10 2.33E-10 2.42E-10 2.49E-10 2.55E-10 2.59E-10
Table 6. The rate coefficient K (a)(n, T )[cm3s−1] for CI channel (2a), Na∗ (n)+Na. This table is available in its entirety in machine-readable
form in the online journal as additional data. A portion is shown here for guidance regarding its form and content.
T[K]
n 500 600 700 800 900 1000 1100 1200 1300 1400 1500
4 5.96E-12 1.39E-11 2.58E-11 4.09E-11 5.85E-11 7.78E-11 9.81E-11 1.19E-10 1.39E-10 1.58E-10 1.77E-10
10 7.05E-10 7.19E-10 7.19E-10 7.11E-10 6.96E-10 6.81E-10 6.64E-10 6.46E-10 6.29E-10 6.14E-10 5.96E-10
15 6.32E-10 5.95E-10 5.60E-10 5.29E-10 5.00E-10 4.75E-10 4.52E-10 4.31E-10 4.12E-10 3.94E-10 3.79E-10
20 2.98E-10 2.69E-10 2.46E-10 2.26E-10 2.10E-10 1.96E-10 1.83E-10 1.73E-10 1.63E-10 1.54E-10 1.47E-10
25 1.30E-10 1.15E-10 1.03E-10 9.41E-11 8.63E-11 7.97E-11 7.41E-11 6.93E-11 6.51E-11 6.13E-11 5.80E-11
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Table 7. The rate coefficient K (b)(n, T )[cm3s−1] for CI channel (2b), Na∗ (n)+Na. This table is available in its entirety in machine-readable
form in the online journal as additional data. A portion is shown here for guidance regarding its form and content.
T[K]
n 500 600 700 800 900 1000 1100 1200 1300 1400 1500
4 0.00E+00 0.00E+00 0.00E+00 3.53E-13 1.31E-12 3.09E-12 6.01E-12 1.02E-11 1.60E-11 2.36E-11 3.28E-11
10 1.77E-10 2.69E-10 3.66E-10 4.63E-10 5.59E-10 6.51E-10 7.39E-10 8.24E-10 9.05E-10 9.82E-10 1.06E-09
15 3.39E-10 4.24E-10 5.01E-10 5.70E-10 6.33E-10 6.89E-10 7.40E-10 7.88E-10 8.31E-10 8.72E-10 9.08E-10
20 2.63E-10 3.03E-10 3.36E-10 3.64E-10 3.89E-10 4.10E-10 4.29E-10 4.46E-10 4.61E-10 4.75E-10 4.88E-10
25 1.63E-10 1.80E-10 1.93E-10 2.04E-10 2.14E-10 2.22E-10 2.29E-10 2.35E-10 2.41E-10 2.46E-10 2.51E-10
Table 8. The rate coefficient K (a)(n, T )[cm3s−1] for CI channel (1a), H∗ (n)+Li. This table is available in its entirety in machine-readable
form in the online journal as additional data. A portion is shown here for guidance regarding its form and content.
T[K]
n 500 700 900 1000 1300 1500 2000 2500 3000 3500 4000
4 8.80E-11 7.75E-11 6.70E-11 6.18E-11 5.47E-11 4.99E-11 4.28E-11 3.79E-11 3.41E-11 3.11E-11 2.86E-11
10 1.21E-12 1.07E-12 9.22E-13 8.50E-13 7.50E-13 6.84E-13 5.85E-13 5.17E-13 4.65E-13 4.22E-13 3.88E-13
15 1.60E-13 1.41E-13 1.22E-13 1.12E-13 9.90E-14 9.03E-14 7.73E-14 6.83E-14 6.13E-14 5.57E-14 5.12E-14
20 3.81E-14 3.35E-14 2.89E-14 2.66E-14 2.35E-14 2.14E-14 1.83E-14 1.62E-14 1.46E-14 1.32E-14 1.22E-14
25 1.25E-14 1.10E-14 9.48E-15 8.73E-15 7.71E-15 7.03E-15 6.01E-15 5.31E-15 4.77E-15 4.33E-15 3.98E-15
Table 9. The rate coefficient K (b)(n, T )[cm3s−1] for CI channel (1b), H∗ (n)+Li. This table is available in its entirety in machine-readable
form in the online journal as additional data. A portion is shown here for guidance regarding its form and content.
T[K]
n 500 700 900 1000 1300 1500 2000 2500 3000 3500 4000
4 1.09E-08 9.87E-09 8.84E-09 8.33E-09 7.65E-09 7.20E-09 6.65E-09 6.30E-09 6.01E-09 5.78E-09 5.67E-09
10 1.49E-10 1.34E-10 1.19E-10 1.12E-10 1.02E-10 9.53E-11 8.73E-11 8.19E-11 7.76E-11 7.38E-11 7.21E-11
15 1.97E-11 1.77E-11 1.58E-11 1.48E-11 1.35E-11 1.26E-11 1.15E-11 1.08E-11 1.02E-11 9.74E-12 9.51E-12
20 4.67E-12 4.20E-12 3.73E-12 3.50E-12 3.19E-12 2.99E-12 2.73E-12 2.57E-12 2.43E-12 2.31E-12 2.26E-12
25 1.53E-12 1.38E-12 1.23E-12 1.15E-12 1.05E-12 9.78E-13 8.96E-13 8.41E-13 7.97E-13 7.57E-13 7.40E-13
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